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What makes it hard ?

Mars is very far away making communication and operations a challenge.

It can take up-to 20 minutes to get a radio signal transmitted to or from Mars

The air on Mars is very thin with a density of only 1% of that at the Earth’s surface.

It’s like being at a 100,000 feet on Earth

Mars can get very cold at night at  -90⁰C

Structures and electronics can break and batteries can freeze  

The helicopter has to be both an aircraft and a spacecraft

Vibrations, g-forces, vacuum and radiation not typically seen by an aircraft

The helicopter has to hitch a ride on a flagship mission

Need to be safe to the rover and very, very clean



The air is very thin with a density of only 
1% of that at the Earth’s surface.  

It’s like being at a 100,000 feet on Earth 



Mars is very far away making communication and 
operations a challenge.

It can take up-to 20 minutes to get a radio signal transmitted 
to or from Mars

Credit: NASA/JPL-Caltech/MSSS/TAMU



Mars can get very cold at night at  -90⁰C

Structures and electronics can break and batteries 
can freeze  



The helicopter has to be both an 
aircraft and a spacecraft

Vibrations, g-forces, vacuum and 
radiation not typically seen by an aircraft

https://mars.nasa.gov/mars2020/mission/launch-vehicle/

https://mars.nasa.gov/mars2020/mission/launch-vehicle/


The helicopter has to hitch a ride on a 
flagship mission

Need to be safe to the rover and very, 
very clean

https://mars.nasa.gov/mars2020/mission/launch-vehicle/

https://mars.nasa.gov/mars2020/mission/launch-vehicle/


The birth ….

July 1999
Rotor-on-a-pivot
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Figure 1 and Section 3.1). Early results indicate 
that rotorcraft flight on Mars is indeed feasible.  

2.2 New System Concept 

Miniature rotorcraft enable a new approach to 
planetary science data acquisition where several  

Rotorcraft Units work in cooperation with a 
larger Base Unit. The partitioning of functions 
between a base  (e.g. lander, rover or aerostat) 
and the miniature rotorcraft, represents a novel 
system concept optimized to the strengths of the 
miniature rotorcraft technology. The base would 
provide the resource intensive (mass & power) 

deployment, communication, energy and 
navigation functions of the mission leaving the 
rotorcraft to focus on the terrain access and 
science functions.  The base could also serve as 
a source for replenishing the energy needs of the 
rotorcraft (e.g. recharge batteries).  

The small size of rotorcraft is necessitated in the 
case of Mars by the need to minimize disc 
loading, but is also enabled by recent advances 
in micro-miniaturization of electronics, sensors, 
and manufacturing technology.  The small mass 
and size permits deployment of multiple 
vehicles, and the methods that could be used in 

their manufacture
 
[9] would allow them to be 

inexpensively produced. Unit costs could 
eventually be sufficiently low to permit their use 
even for one-time science operations. Improved 
system robustness is achieved by the built-in 
redundancy of deploying multiple vehicles. 
Mission data can be returned to the base unit via 

line-of-sight communication either in real-time 
or by having the rotorcraft unit fly to a suitable 
altitude and distance from the base after data 
acquisition. If necessary data can also be 
transmitted by peer-to-peer communication 
between adjacently located rotorcraft units. 

Motive energy for the rotorcraft can be provided 
by a one-shot energy source (e.g. a primary 
battery), a re-charging station at the base, or 
trickle-charge energy harvesting. The rotorcraft 
could be “safed” if necessary during high-wind 
or adverse temperature conditions via landing or 
returning to the shelter of the base unit. 

2.3 New Mission Concepts 

A class of new mission concepts is enabled 
within the new paradigm provided by miniature 
rotorcraft. Surface and atmospheric science 
operations over a wide area become possible 

with controlled access to all classes of terrain. 

Some of these concepts are discussed below.  
High Resolution Area Sensing 

Unique near-term missions with existing sensor 
technology include ultra-high resolution imaging 
of a wide-area (e.g. 1 mm resolution adaptively 

targeted over region spanning 1-2 km). A key 
contribution that rotorcraft systems can make is 
in Digitial Terrain Map (DTM) generation. 
Scientists need to know the lay of the land, the 
shape of rocks etc to accurately interpret spectra 
(because of sky lighting and phase angle effects 

etc) Images from a variety of well-spaced 
viewpoints offer this capability and can be easily 
achieved by the rotorcraft. Another application 
is stratigraphic imaging of vertical terrain which 
cannot be achieved by conventional aerial or 
rover platforms. The rotorcraft are also ideal for 
area-scanning to detect gas emissions using 

either on-board sensors or laser spectroscopy 
from retro-reflector targets on the rotorcraft. 

Coordinated Sensor Networks 

Rotorcraft permit the deployment of sensor 
networks [10] where each local node of the 
network is a rotorcraft equipped with a sensor. 
The deployment geometry of the rotorcrafts 

would be selected to allow for optimum science 
data acquisition and peer-to-peer communication 
for coordinated measurements. The network 
geometry would be adapted as new data is 
collected. Sensors in the network could comprise 
environmental monitoring sensors, gas sensors, 

ultra-miniature magnetometers, and radiometric 
sounding devices.   

Surface Operations 

Rotorcraft can be landed at points designated 
targets in returned imagery to perform surface 
point spectroscopy. Later systems could be used 
for a one-time pyrotechnic actuated surface 

Figure 2. Rotorcraft Concept For Mars 



Rotor development starts 

Dec 2013
Rotor-aero

March 2014

Dec 2014

Rotor-on-a-rail

Rotor-on-joystick



Rotor – with a joystick



Blade flapping matters ….
• Flap damping is 

aerodynamic

• Dramatically reduced 
damping because of 1% 
Earth density

• Un-damped modes 

interfere with control
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Rotor Blade Design• Aerodynamic design in CROTOR based on minimum induced loss planform, 
analyzed with AV in-house code PROP

• Main airfoil design based series used on other low Re propellers built by AV

• Analyzed with CFD, limited wind tunnel validation data at low Mach number

• Structural design driven by first flap frequency requirement (rotating 
frequency of 80-90Hz)

• Foam-core composite fabrication with Aluminum tooling

• “Chinese Weights” act as inertial counterweights to reduce load on servos

Rotor – a very special design



Rotor – under control !



Engineering Development Models 
“EDM”     2016- 2018EDM-1

Can you fly ?
Flight dynamics 
identification and flight 
tests

Can you survive ? 
Shock, vibration and 
thermal tests

EDM-2



Flight Model (FM) Mars Helicopter



‘Flight Model’  2018 - 2019
‘FM’ means vehicles going to space • 1.21m diameter rotor

• 1.8kg total mass

• Autonomous flight through 

ground-commanded way-

points

• Powered by 6-cell Lithium-Ion 

battery

• Battery recharged by solar 

panel mounted above the 

rotors during day

• Designed for five 90-second 

flights at altitudes up to 10m

• Qualified for space flight

(NASA / JPL-Caltech)
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Figure 1 and Section 3.1). Early results indicate 
that rotorcraft flight on Mars is indeed feasible.  

2.2 New System Concept 

Miniature rotorcraft enable a new approach to 
planetary science data acquisition where several  

Rotorcraft Units work in cooperation with a 
larger Base Unit. The partitioning of functions 
between a base  (e.g. lander, rover or aerostat) 
and the miniature rotorcraft, represents a novel 
system concept optimized to the strengths of the 
miniature rotorcraft technology. The base would 
provide the resource intensive (mass & power) 

deployment, communication, energy and 
navigation functions of the mission leaving the 
rotorcraft to focus on the terrain access and 
science functions.  The base could also serve as 
a source for replenishing the energy needs of the 
rotorcraft (e.g. recharge batteries).  

The small size of rotorcraft is necessitated in the 
case of Mars by the need to minimize disc 
loading, but is also enabled by recent advances 
in micro-miniaturization of electronics, sensors, 
and manufacturing technology.  The small mass 
and size permits deployment of multiple 
vehicles, and the methods that could be used in 

their manufacture
 
[9] would allow them to be 

inexpensively produced. Unit costs could 
eventually be sufficiently low to permit their use 
even for one-time science operations. Improved 
system robustness is achieved by the built-in 
redundancy of deploying multiple vehicles. 
Mission data can be returned to the base unit via 

line-of-sight communication either in real-time 
or by having the rotorcraft unit fly to a suitable 
altitude and distance from the base after data 
acquisition. If necessary data can also be 
transmitted by peer-to-peer communication 
between adjacently located rotorcraft units. 

Motive energy for the rotorcraft can be provided 
by a one-shot energy source (e.g. a primary 
battery), a re-charging station at the base, or 
trickle-charge energy harvesting. The rotorcraft 
could be “safed” if necessary during high-wind 
or adverse temperature conditions via landing or 
returning to the shelter of the base unit. 

2.3 New Mission Concepts 

A class of new mission concepts is enabled 
within the new paradigm provided by miniature 
rotorcraft. Surface and atmospheric science 
operations over a wide area become possible 

with controlled access to all classes of terrain. 

Some of these concepts are discussed below.  
High Resolution Area Sensing 

Unique near-term missions with existing sensor 
technology include ultra-high resolution imaging 
of a wide-area (e.g. 1 mm resolution adaptively 

targeted over region spanning 1-2 km). A key 
contribution that rotorcraft systems can make is 
in Digitial Terrain Map (DTM) generation. 
Scientists need to know the lay of the land, the 
shape of rocks etc to accurately interpret spectra 
(because of sky lighting and phase angle effects 

etc) Images from a variety of well-spaced 
viewpoints offer this capability and can be easily 
achieved by the rotorcraft. Another application 
is stratigraphic imaging of vertical terrain which 
cannot be achieved by conventional aerial or 
rover platforms. The rotorcraft are also ideal for 
area-scanning to detect gas emissions using 

either on-board sensors or laser spectroscopy 
from retro-reflector targets on the rotorcraft. 

Coordinated Sensor Networks 

Rotorcraft permit the deployment of sensor 
networks [10] where each local node of the 
network is a rotorcraft equipped with a sensor. 
The deployment geometry of the rotorcrafts 

would be selected to allow for optimum science 
data acquisition and peer-to-peer communication 
for coordinated measurements. The network 
geometry would be adapted as new data is 
collected. Sensors in the network could comprise 
environmental monitoring sensors, gas sensors, 

ultra-miniature magnetometers, and radiometric 
sounding devices.   

Surface Operations 

Rotorcraft can be landed at points designated 
targets in returned imagery to perform surface 
point spectroscopy. Later systems could be used 
for a one-time pyrotechnic actuated surface 

Figure 2. Rotorcraft Concept For Mars 

Rotorcraft Designs

20

Mars Helicopter
Tech Demo
2020
Reff = 0.6m



Mars Helicopter Design

Total Mass  < 1.8 Kg

Rotor Speed:  1900-2800 RPM

Blade Tip Mach Number:  < 0.7

~1.2-meter Diameter Rotor System 

Landing System

Telecommunication

Solar Panel

Fuselage

CO2 gas-gap insulation

Survival heaters

Avionics Processing

Batteries

Autonomous flight control algorithms

Sensors & Cameras

✓
✓
✓

Carbon Fiber

Blades



Technologies in a Mars Helicopter

Total Mass  < 1.8 Kg

Rotor Speed:  1900-2800 RPM

Blade Tip Mach Number:  < 0.7

~1.2-meter Diameter Rotor 

Landing System

Lightweight legs for 

landing on terrain

Blades

Lightweight carbon fiber

Rotor System

Brushless motors for rotor 

Brushed motors for swashplate

collective / cyclic

Telecommunication

COTS chipset

Two node network

802.15.4 protocol (ZigBee)

Solar Panel

Inverted Metamorphic Quadruple 

Junction (IMM4) solar cells

Fuselage

CO2 gas-gap insulation – dark 

mirror kapton film skin technology

Survival heaters

Avionics Processing

Radiation tolerant Field Programmable 

Gate Array (FPGA)

Dual-redundant automotive-grade 

processors

Navigation processor

Autonomous flight control algorithms

Sensors & Cameras

MEMS IMU

Laser Altimeter

Inclinometer

133˚x100˚  FOV Navigation camera

13 Mpixel 56˚x42˚  FOV color camera 

for pictures of terrain





At Mars 



Propulsion Motor



Electronics, Fuselage & Insulation 

Insulating
CO2 gas 
gap



Mechanical Elements

Titanium 
Flexure

Aluminum 
Damper

Latching
Hinge

Leg Hinge

Rotor Hub Swashplate Servos

Swashplate



Tests



Structure dynamics in vacuum



Translational dynamics in atmosphere



Rotational dynamics in atmosphere



Dynamics with winds



Flight in Mars-like Atmosphere



Navigation & Sensor Control Tests



Solar illumination on array



Camera checks



Mechanical checks



Gravity compensation



Getting ready for launch



Hitching a Ride

Mars Helicopter Accommodation on Mars 2020 Rover

Base Station Electronics

Base Station Antenna

Mars Helicopter (stowed) Mars Helicopter Delivery System



Getting ready for integration



Delivery



Hitching a Ride

Base Station Electronics

Base Station Antenna

Mars Helicopter (stowed) Mars Helicopter Delivery System



Integrating with deployment system



Integrating with deployment system



Integrating with deployment system



Integrating with deployment system



Integrating with deployment system



~20 kg

Payload 2-4 kg; 
Range 2 km
Speed 30 m/s  
Hover 4.5 minutes

R=0.64 m

R=1.25 m

~19 kg

1.8 kg

R=0.6m COAXIAL HELICOPTER

Payload ~1 kg; 
Range 2 km
Speed 30 m/s  
Hover 2 minutes

4.6 kg

Advanced Tech 
Demo
Design

Tech Demo 
Design

R=0.6 m

HEXACOPTER

New Designs

Future Helicopter Designs



HEX
2020+
Reff = 1.57m 

Rotorcraft Designs

* Estimates based on actual 
test of low Reynolds number 
optimized rotor under Mars 
density conditions
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Mars Helicopter
Tech Demo 
2020
Reff = 0.6m

COAX
2020+
Reff = 1.25m 

Mars Helicopter
Adv Tech Demo 
2020+
Reff = 0.6m



Example of a future science mission concept


